Optoelectronic down-conversion of a THz optical beatnote to a RF intermediate frequency is performed with a standard Mach-Zehnder modulator followed by a zero dispersion-slope fiber. The two interleaved optical spectra obtained by four-wave mixing are shown to contain more than 75 harmonics enabling to conveniently recover the phase noise of a beatnote at 770 GHz at around 500 MHz. This four-wave mixing down-conversion technique is implemented in a two-frequency solid-state laser in order to directly phase-lock its 168 GHz beatnote to a 10 MHz local oscillator.
slope highly nonlinear fiber offer an important potentiality to generate wide and flat optical frequency combs.
16-19 Thus, One can wonder if this nonlinear effect could be advantageously implemented to achieve an optoelectronic down-conversion from the THz to the RF band for the purpose of detecting an intermediate frequency which give access to the THz phase noise.
In this letter we report on a new solution including a highly non-linear fiber (HNLF) to bridge the wide frequency gap between the THz and GHz domains. Actually, by sending a two-frequency beam into the HNLF, one expects to generate two interleaved frequency combs which should give access to an intermediate frequency signal carrying the THz phase noise.
The principle of the experimental setup is depicted in Fig.1(a) . It involves two independent lasers or a single laser providing two optical frequencies, ν e and ν o , whose difference is in the THz range. The two beams are combined and then focused into a polarizationmaintaining (PM) fiber. Contrary to our previous work in which a dedicated nonlinear electrooptic modulator (EOM) was required, 9 we now use a standard EOM. This EOM is driven at f RF leading to the generation of two sidebands around ν e and ν o . In order to optimize the four-wave mixing (FWM) efficiency in the HNLF, an erbium-doped fiber amplifier (EDFA) follows the EOM. The optical power sent into the 100 m-long HNLF fiber can thus be adjusted from 20 dBm to 28 dBm. Note that the HNLF dispersion slope is chosen close to 0 ps/(nm 2 .km), which is required to achieve optimal phase matching of the generated frequency combs. 16 Finally, we adjust the bias voltage of the modulator, as well as the RF power in order to maximize the efficiency of the frequency comb generation. In our experiment, the two optical frequencies are provided by a two-propagation-axis laser schematized in Fig.1(b) . The active medium is a 1. crystal is inserted on the ordinary path of the cavity offering a continuous tunability of the beatnote. This laser is consequently turned into a THz voltage controlled oscillator. 9 The TEM 00 laser output beam is sent through a polarizer oriented at 45
• in order to make the two modes beating before entering the EOM.
Experimental results are presented in Fig. 2 . In order to evaluate the electrical spectrum of the generated combs, we first send through the EOM one optical frequency and we turn f RF to a low frequency (1 GHz). Fig. 2 (a) displays the 15 first harmonics of f RF observed with a 16 GHz bandwidth photodiode after propagation along the HNLF. The frequency comb has a quite flat amplitude, which greatly improves previous achievements using a nonlinear EOM or a phase modulator. 9,10 Although f RF is low, the entire comb cannot be displayed because of the limited cut-off frequency of our photodiode. To observe higher harmonics and then evaluate the comb span, we now set the frequency modulation f RF at 10
GHz and monitor the comb in the optical domain. The generated comb spans 1 THz leading 4 to measurable lines up the 75th harmonics, as shown on the optical spectrum of Fig. 2(b) .
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Relative frequency (GHz) 10 dB An accurate spectral analysis of the comb lines is performed by measuring the RF phase noise of the different harmonics numbered N. To this aim, we turn again to a modulation frequency f RF of 1 GHz. For illustration purpose, two phase noise spectra for (1) N = 10 (10 GHz) and (2) N = 20 (20 GHz) are reported in Fig. 3(a) . The expected phase noise degradation of 20 log(N ) 22 is confirmed experimentally. One can thus conclude that the 100m-long fiber does not bring additional noise degradation at least for the first 20th harmonics generated by FWM. Let us remind here that our goal is to down convert a THz beatnote in the GHz range. We now send to the modulator the two optical frequencies at the same time. Setting the frequency difference of the laser to ∆ν = ν e − ν o =770 GHz, we were able to measure an intermediate frequency between the interleaved combs at around 500 MHz (see Fig. 3(b) Now, one can wonder if we can use this approach in order to actively stabilize the optical beatnote ∆ν through the generated intermediate frequency.
To this aim, we implement the experimental servo-loop depicted in Fig. 4 . For the purpose of phase locking , it is convenient to down convert the laser beatnote directly to f i = 10 MHz, i.e., at the frequency of the quartz oscillator that will be used as frequency reference. This is obtained by adjusting precisely the modulation frequency f RF . We then electrically mix f i with the 10 MHz reference quartz oscillator of the RF synthesizer leading to a DC voltage proportional to the phase error.
Through a loop filter (100 kHz bandwidth), we finally apply the error signal on the LiTaO 3 crystal located inside the laser cavity. The laser frequency difference ∆ν is set at around 170 GHz. We have chosen this value for OEPLL demonstration purpose, instead of 770 GHz as before, because our laser was actually optimized in terms of optical power and long-term stability for optimal operation around ∆ν =100 GHz. To make the intermediate frequency In conclusion, we propose and demonstrate an optoelectronic down-conversion of a THz beat note to RF frequencies using four-wave mixing in a highly nonlinear fiber. This principle is illustrated using a dual frequency laser whose frequency difference is set at 770 GHz. In a second part, this four-wave mixing down-conversion technique is advantageously implemented in an optoelectronic phase locked loop in order to directly phase-lock the laser beat note at 168 GHz to a 10 MHz local oscillator. The beat note linewidth is then reduced down to 1 Hz corresponding to an in-loop relative instability of 10 −11 . In these conditions, the phase noise level is measured to be −110 dBc/Hz at 10 kHz from the carrier and is shown to be limited by the RF synthesizer phase noise. This second part of the work is a new step for the generation of ultra-high spectral purity THz waves. Further studies include a detailed analysis and understanding of the resonant phase noise we observed at 500 kHz from the carrier and which is still unexplained. Moreover, out-of-loop measurements will be undertaken in order to fully characterize the stability of the THz beatnote. According to the significantly high down-conversion SNR offered by this four wave mixing approach, the phase locking of two independent lasers is now envisaged using a loop filter with increased bandwidth.
